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METHOD FOR SHORTENING RA”JXT ENGINES BY BURNING 

HYDROGm FUEL LN TBE SUBSONIC DIFFUSER 

By A. J. Cervenka and J. W. Sheldon 

SUMMARY 

Merging of the subsonic diffuser and the combustor appears feasible 
wfth a highly  reactive  fuel such as hydrogen. A t  ty-pieal ram-jet  operat- 
ing  conditions  the flame  speed of t h i s  fue l  is high enough f o r  burning 
t o  be stabil ized a t  velocit ies of  600 feet per second by means of a fue l  
iqjector  alone. Thus it WELS possible  to seat the flame a t  a stat ion where 
the Wch number w a ~  0.4 to 0.5 mther than 0.2 as is done conventionally. 
Besides the decrease i n  engine iength and weight, a further gain was 
found due t o  a uniform exbaust-gas  temperatme distribution which varied 

ficiency W&E improved at lean fuel-air mixtures;  values of 90 percent or  
higher were obtained a t  equivalence rat ios  as low as 0.1. However, the 
total-pressure loss coefficient  increased t o  9.8 from 2.6 for   the con- 
ventional system st a temperature ratlo across the combustor of 2.8. A n  
estimate of the  net  effect of these  factors was made on the basis of 
range potential of a ram-jet-powered missile. A t  EL lean fuel-air  ratio 
the  gain i n  range was estimated a6 16 percent above that of hydrogen 
fue l  used in  a conventional  configuration. 

3 -  
B 

c as l i t t l e  as st7 percent from the mean of 210O0 R. Also, combustion ef- 

INpiODUCVPION 

This program i a  par t  of an NACA investigation t o  determine the acr 23 1956 
possibil i ty of improving the range of jet-propelled  aircraft through the 
use of high-energy fuels. Aerodynamic analyses have shown (ref .  1) that 
a ram-jet-powered missile of a given weight has a range potential ~ t 8  Much 
as 70 percent greater with hydrogen than  with hydrocarbon fuels.  It may 
be  possible t o  further  increase  the  potential of these  special  fuels such 
as hydrogen by making use of the i r  high reactivity t o  reduce  engine 
length and weight. - 

One of the O b s t E C l e S  t o  shorter  engines is the  subsonic  diffuser. 

values of around 0.2 a t  the diffuser exit .  The method most frequently 
used t o  shorten  diffuser length i s  t o  make the divergence angle greater 

P Its  function is t o  reduce air  velocit ies from Mach nuribera near I t o  
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than the conventional 6O. How'ever, this of ten   resu l t s  in nonuniform air 
flows and fuel-air  mixtures and consequent  reduction i n   t h r u s t  due t o  
temperature s t r a t i f i ca t ion  as well as engine failure due t o  overheating " 
of walls. 

.) 

The objective of this program was to   invest igate  the f e a s i b i l i t y  of 
merging the  subsonic  diffuser  and the combustor. This would h v e  the 
obvious advantage of shortening  the  over-all  engine length. Another 
possible  advantage would be a uniform  flow prof i le  a t  the  point of fue l  
introduction. In addition, wlth a controlled rate of heat release,  sharp 
divergence  angles  could be tolerated  without  separation,  since a favor- a .  
able  pressure  gradient  could be  maintained. Obviously, these advantages 
would be weighed against  the  increase i n  total-pressure loss due t o  addi- 
t i on  of heat a t  a high Mach number. 

I 

The r e su l t s  of experiments with a %inch ram j e t   i n s t a l l e d   i n  a 
free- je t   faci l i ty   are   reported.   Tests  were conducted a t  an i n l e t - a i r  
pressure of about 1 atmosphere and over a range of tcmperatures from 
100° t o  400' F. Burner-inlet Mach nmibers  based on maximum cmbustor 
cross  section were around 0.2. The variables  investigated  and their ef-  
f e c t  on range were diffuser and fuel- injector  geometry. In addition,  an 
estimate of the rate of temperature rise  along the combustor ax is  waa 
made f o r  two dissimilar fue l   in jec tors  and f o r  a range of i n l e t - a i r  
temperatures . 
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SYMBOLS 

The following symbols a re  used In this report: 

cross-sectional area, sq f t  

diffuser  length, f t  

Mach nuniber 

total   or  stagnation  pressure,   Ib/sq f t  abs 

total-pressure-loss  factor 

aynamic pressure, Ib/sq f t  abe 

total  or  stagnation  temperature, OR 

temperature-stratification  factor 

s t a t i c  temperature, 91 

I 
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V linear  velocity,  ft/sec 

$Y engine-weight factor - 
r specific-heat r a t i o  

‘ 7  combust ion  efficiency 

7 ra t io  of t o t a l  temperatures 

Subscripts : 

m m e a n  

X stat ion i n  analytical  engine 

8. 1j2~3,4, engine s ta t ions  (see  f ig .  2) 8.- 5 ... 
- APPARATUS 

Free-Jet  Facility 

A f ree- je t  facility 1s a very useful t o o l  for  evaluating  supersonic 
ram-jet  engines since it provides a good simulation of supersonic  flight. 
However, f o r  many combustion studies a much simpler and cheaper connected- 
pipe f a c i l i t y  i s  adequate. An attempt t o  combine the  simplicity of 
connected-pipe operation with supersonic f l i g h t  simulation was made i n  
the  installation diagramed in  f igure 1. As can be seen i n  this drawing, 
the system is a free jet which can also be operated as EL connected-pipe 
f a c i l i t y  throxgh t h e   s h p l e  maaipulation of valves. The accessibility 
of a connected-plpe r i g  has been retained  since most of the  tes t  engine 
is  exposed. 

Cambustion air  was supplied by the  laboratory air supply system. 
The same supply  furniahed  prlmsry air  for   the  e jector   a l t i tude exhaust. 
Combustion air  was metered and throt t led before entering the i n l e t  plenum. 
From the plenum the flow path led through the  free-jet nozzle, the engine 
and spil l-air   l ine,  and to the  a l t i tude exhaust system. Modulation of 
the  motivating air  flow to  the  e jectors  was the  only means f o r  controlling 
the  pressure level  in   the  enghe.  

I 
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&-Jet Engine 

A sketch of the engine is  shown i n   f i g u r e  2. The engine i n l e t   f o r  
a l l  configurations tested was a spike diffuser  designed  for a flight 
Mach number of 1.8. This dlffuser  was i den t i ca l   t o  that used for   the  
free-fl ight  configuration of' reference 2.  

P i l o t   f u e l  was introduced into the centerbody between stations 1 
and 2, and ignited by a spark plug. The air f o r  the p i lo t   rec i rcu la ted  
from the  downstream end of the centerbody,  and the hot gases from the 
pi lot   igni ted  the main fuel .  The main fuel was Fnjected i n  the  plane of 
s ta t ion  2, and the combustion chamber extended to   s t a t ion  9. This eta- 
t ion  was t he   i n l e t   t o  a convergent-divergent  exhaust  nozzle  designed f o r  
t h e  same flight Conditions as the i n l e t .  

Combustor Configurations 

The various  configurations  investigated are shown i n   f i g u r e  3. 
All of the configuration changes consisted of variations in  the center- 
body and fue l   in jec tors .  The axial distances between s ta t ions were held 
constant. The pertinent  features 0f.each c.o&$.guration are summarized 
as follows : 

i 
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lonfig- 
ration 

A 

B 

C 

D 

E 

F 

G 

H 

Centerbody design 

Station 1 to   s ta t ion  2 

Conical section, EL- 
8 

inch 0.D. a t  Statim 1 
tapered t o  4-inch O.D. 
a t  s ta t ion 2 

Conical section of cm- 
figuration A plus vor- 
tex generators  attached 
at  s ta t ion 1 

CFylindrical secliion, 

dylindrical  section, 
%-inch 1 O.D., 115 5 

inches long. 2r inch-  
long conical  section 
tapering t o  5.14-inch 
O.D. 

Cylindrical  section, 
&-inch 0 -D., 1 2  
8 8 

inches long. LFnch-  
long conical  section 
tapering t o  5.82-inch 

3 

8 

O.D. 
- 

I 
Jr 

Station 2 t o  s ta t ion 7 

Conical section tap- 
ered from &-inch O.D. 

8 
to 4-inch O.D. with 
length of 11 inches 

Conical  section tap- 
ered f r o m  &inch O.D. 

8 
t o  4-inch O.D. with 

length of % inches 1 

Conical  section tap- 
ered from 5.14-inch 
O.D. t o  4-inch O.D. 
with length of 
& inches 
8 

Conical  section  tap- 
ered fram 5.82-inch 
O.D. to 4-inch O.D. 
with length of % 5 

inches 

Fuel injector 

Eight radial 
spokes inject- 
ing normal t o  
airstream I 
Annular ring in- 
jecting normal 
t o  airstream 

m u h r  ring in- 
jecting down- 
B tream 
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Fuel System 

The  hydrogen  fuel was supplied  in  cylinders with total  capacities 
of 420 pounds of hydrogen and a gas  pressure of.2400 pounds per square 
inch gage.  The  fuel was Wen from the  cylinders  through  pressure- 
reducing  valves, a metering  orifice,  and a throttle  valve  to  the  engine 
manifold. A gas analysis  showed  the  fuel  to  be  more  than 99 percent 
pure. 

The  cumbustion air and spill  air  were  measured  by  orifices i n  their 
respective  ducts.  The  fuel-flow rate was measured  by an orifice  con- 
forming  to A.S.M.E. standards. The differential  pressures  were  indl- 
cated on manometers,  and the line  pressures  were indicated on Bourdon- 
tube  gages. 

Inlet  and  exhaust  plenum  pressures and static  pressures at various 
stations along the  engine and free-jet  nozzle  were  indicated on manmeters. 

A self-balancing  potentiometer  recorded  exhaust  temperatures m e a s -  
ured by 20 chromel-alumel  thermocouples at station 9. Temperatures in 
the fuel  and  combustion  air lines were  read on nomecording  potentiometers. - 

Probes designed  to  measure  total gas  temperature and total  pressure 
at a point were  used  to  traverse  the  diameter of the  duct at stations 7, 
8 ,  and 9. S t a t i c  taps were located i n  the  engine wall opposite  these 
probes. Each probe  consisted of a 1/8-inch-diameter  total-pressure  tube 
asd a chrmel-alumel  thermocouple,  both  located f n  a 3/8-inch-diameter 
Iradiation shield.. This shield was parallel uith stream f l a w  and open a t  
either end, allowing flow over  the  thermocouple  and  total-pressure  tube. 

I 
- 

Free-jet  operation of the  facility  required  simply  opening  of  the 
spill-air valve and  minta.ining a minimum  pressure  ratfo  across  the 
system.  Supersonic flow was thus  established in the  free  nozzle,  and a 
nmEucirmrm of one-hal9 of the air  flow was captured  by  the  engine.  The  re- 
mainder  passed through and m s  metered in the  spill-air  line.  Engine  air 
f low was the  difference in total  air  metered  ahead  of  the plenum and 
spill air.  Since  the  altitude e u s t  capacity was quite limited, the 
required  pressure ratio could be mintabed only with the Wch 1.4 free- 
Jet nozzle. 
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During  connected-pipe  operation  the.spil1-air-line  valve was closed, 
and all of the  air flow metered  by  the  combustion  air  orifice  passed 

subsonic. 
- through  the  engine.  The .flow velocity through the  free-jet  nozzle was 

A ram-jet  combustor and diffuser of conventional design in which air 
is  diffused  to a k c h  number of approximately 0.2 before  fuel  is  injected 
was investigated  Initially  and  the  results  were  used  for  reference pur- 
poses. In subsequent  conf'igurations,  fuel was introduced in to  a higher 
velocity  airstream. This variation in air velocity at the  fuel  atation 
was achieved  by  suitable  manipulation of the  cross-sectional area of the 
centerbody,  rather than by  actual  movement of the  fuel  injectors. Flow 
blockage  at statim.2 is shown in  the following table: 

Config- 
s-tion 2, uration 
Flow blockage  at 

percent of t o t a l  
cross  section 
Fuel Center- 
injector body 

A 
B 
C 
D 
E 
F 

. G  
H 

18.8 
18.8 
41.0 
41.0 
41 -0 
27.9 
35.5 
35.5 

With  each  configuration  the data required to determine  combustion  effi- 
ciency,  temperature  and  velocity  profilea,  and  burner  tot.e.l-pressure 
loss were  recorded. 

Combustor  Operating  Conditions 

The var ious configurations  were  compared at the following combustor 
operating  conditions: 

Inlet-air  static  pressure, in. Hg abs . . . . . . . . - . . . 3 Q S  
Inlet-air  total  temperature, OP , . . . . . . . . . . 220d0 
Inlet-air  velocity, ft 8ec . . . . , . . . . . . . . . 250 to 270 

- These  values  correspond  approximately to the  combustor-inlet  conditions 
in a ram Jet f lylng at a mch number of 1.9 at a 40,000-foot  altitude, 

d Two of the  combustor  configurations  were  also  operated at inlet-air  tem- 
peratures  of looo and 400° F. Since a section of the  burner  immediately 
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downstream of the fuel injectors was uncooled, mum fuel-air  r a t i o  
was limited by burner wall temperature. This limit varied somewhat with 
configuration,  but  the usual maximum was an equivalence ra t io  of 0.3. 

Temperature and Velocity Surveys 

' Temperature and velocity surveys a t  stations 7, 8, and 9 were made 
with movable probes. The cmibustor-inlet  conditions l i s t ed  in the  pre- . 
ceding section and the maximum fuel-air  r a t i o  that could be measured E .  
without damage to  the survey  instruments were held  constant  during  the 
survey. D a t a  were recorded a t  each position of the sur-vey probe, a t  
approximately 1-inch intervals  across  the combustor diameter. Wall 
static  pressure was measured a t  each survey station and was assumed t o  
be constant for that plane. Frc rm t h i s  s t a t i c  pressure and the   to ta l  
pressure meaeured at a glven  pofnt,  the local Mach number was deter- 
mfned. The local velocity was then  readily  calculated from this Mach 
number and the measured t o t a l  temperature.  Corrections to  the t o t a l -  
temperature readings were  assumed to be negligible,  since a radiation 
shield was used. 

Ccanbustion Efficiency 

Combustion efficiency was determined over a range of equivalence 
ra t ios   v l th  each configuration. Equivalence r a t io  is the metered fuel- 
air r a t i o  divfded by the  stoichimetric  fuel-air  r a t i o  of 0.0294 for 
hydrogen and air. The temperature of the exhauat  gases a t  stettion 9 was 
measured with 20 bare-wire thermocouples. The method f o r  correcting  the 
thermocouple readings and f o r  calculating combustion efficiency was 
similar t o  that of reference 3. Since the thermocouples were located 
upstream of the nozzle rather than at the nozzle throat as i n  reference 
3, the  radiation and  recovery factors were slightly different  for the 
two cases. An arithmetic average &--the corrected  tempemtures a t  sta- 
t ion 9 w a ~  used t o  determine the enthalpy rise of the exhaust products. 
Combustion efficiency was defined as the ra t io  of the  enthalpy r i s e  of 
the exhaust  products t o  the  heating value of the Are1 used. Caseous by- 
drogen a t  75O F has a lower heating value of 51,571 Btu per pound. 

Burner Pressure Loss 

Burner-pressure-loss  coefficient was defined  as (PI - Pg]/q7. The 
total   pressure  a t  the burner in le t  PI was calculated from measured 
values of a i r  flow and s t a t i c  and total temperatures a t  s ta t ion  1; Pg 
waa obtained  either by direct  measurement o r  by the same  method used t o  
determine Pl; 97 is a fictitious velocity pressure which would be 

- 1  
" . 
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m. realized a t  the maximum burner area if an  isentropic expansion  occurred 
between s ta t ion 1 and the mxim burner  cross  section.  Pressure-loss 

I data were obtained  both with cold air f low and burning for most of the 
configurations. 

RESULTS 

-$ E i g h t  combustor configurations were evaluated on the basis of uni- 
formity of temperature and velocity of the combustion gases, to t a l -  
pressure loss, and ccanbustion efficiency a6 a flmction of burner length. 
These resul ts  were obtained with connected-pipe operation of the   fac i l i ty  
except where noted. 

Temperature and Velocity  Profiles 

The temperature and velocities measured a t  stations 7, 8, an$ 9 
with configuration A are shown i n  figure 4(a).  Configuration A was con- 
sidered  representative of conventional  designs for  hydrogen f u e l  where 
the subsonic  diffuser area r a t i o  is sufficient to reduce the  flow Mach 
number to a value  near 0.2 ahead of' the combustor. In a l l  of the re- 
mining  configurations f u e l  was injected  into a higher velocity  airstream 
where' the Mach number was 0.4 to 0.5. These profiles were quite  typical 
parabolic  distributions with the peaks at  the center of the duct, and 
the  average temperature increasing w i t h  combustor length. The regions 
of high tem-perature were also high-velocity  regions, whlch resulted in 
a f a i r l y  uniform Mach number a t  a given  station. Hear the combustor 
wall gas temperatures were essentially the same as the in le t -a i r  temper- 
ature,  indicating a very low mixing rate. The r a t io  of maximum t o  mini- 
m gas temperature naB greater t h n  2. The use of vortex  generators in 
the diffuser, configuration B, produced s l igh t ly   f l a t t e r  prof i les  (fig.  
4(b)) than those measured with configuration A. 

Configuration C represented the opposite extreme from the  two pre- 
ceding configurations in tht no length was allowed f o r  diff'mion from 
a high t o  a low subsonic velocity.  Fuel was injected into the uniform 
flow field before  thia sudden expaneion. With configurations in which 
fue l  i s  injected into a high-velocity airstream, the annular  injector 
was believed t o  give better fuel distribution than the radial tube system. 
An i n i t i a l  test with configuration C, an annular f'uel injector having 
128 orifices, 3/64 inch in diameter, exhibited a poor temperature  pro- 
f i l e .  Additional t e s t s  made with an injector having 96 of the same size 
orifices showed an improved temperature profile. Results f o r  the 96-Kole 
Fnjector are shown in  f igure  4(c) .  Some flattening of the temperature 
profile over that found with configurations A and B was noted, and the 

I 

-. mean temperatures at stations 7, 8, and 9 indfcated that combustion was 
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completed a t  s ta t ion  7. Eowever, burning  stabil i ty a t  lean fue l -a i r  
r a t io s  was poor with t h i s  injector ,  and  succeeding t e s t s  were conducted 
with the  128-hole  injector. 

r 

I 

The addition of a conical  section  to  the centerbody,  configuration 
D, provided a more gradual t r ans i t i on   i n  flow area downstream of the 
fuel-injection  station.  Since with hydrogen f u e l  flame is readily seated 
on the fue l   in jec tors ,  a simultaneous heat addition and diffusion  process 
occurred. The temperatures and veloci t ies  measured with configuration D 
are presented  in figure 4( d) . Excellent  temperature  profiles were ob- F P  
tained  with a variation of S 5 O 0  i n  2100° R a t  s ta t ion  7 where burning 
was complete. Similar results, shown In figure 4( e ) ,  were obtained  with 
configuration D i n   f r e e - j e t  tests. Engine operation was smooth with 
supercr i t ica l   d i f fuser  flow. 

P '  
% 

From the standpoint of temperature  profiles, l i t t l e  improvement 
could be expected from further modifications. However, as is  discussed 
later, the  total-pressure loss with configuration D was higher than with 
configurations A and 3. The followlng dlscussion  revlews the r e su l t s  of 
attempts  to  obtain a combination of a uniform profile and a low total- 
pressure 106s. 

Two methods f o r  reducing pressure 106s were tried; one consisted of 
reducing  the h c h  number at  the point of fue l   in jec t ion  and the  other 
reducing  the heat release i n  the diverging p r t  of the combustor. The 
&ch number a t  the fue l   in jec tors  was reduced by increasing the flow 
area a t  the p o i n t o f  fuel injection. The heat release i n  the diverging 
part of the combustor was reduced by tm methods; one was to   increase 
the diffusion angle and the  other was t o   i n j e c t  the f u e l   I n  a downstream 
direction. The d i f f b e r  angle WRS increased  in  configuration E; the dff- 
fuser  angle was increased  and  the  fuel  injectors were located  in a larger 
annular area i n  configuration F; and the f u e l   i a e c t o r s  were relocated  in 
configuration G. Fuel was Injected darnstream in  configuration H. The 
temperature  and  velocity  profiles with these configurations axe given i n  
figures 4 ( f )   t o  (i). The temperature  surveys wlth these configurations 
a t  s ta t ion  9 gave the  following  results. With configuration E the vari- 
at ion in temperature was fllOo F; w i t h  F, +ZOOo F; w i t h  G, +60° F; and 
with H, 21460~ F at a mean tenrperature of about 18006 R. 

. . I  

Pressure Loss . . " 
. .. . " - 

The total-pressure-loss  coefficient (P1 - Pg)/qT across the various 
combustor configurations i s  shown as a function of cambustor temperature 
r a t i o  in figure 5. The total   pressures  were determined a t  s ta t ions 1 and 
9, and the dynamic pressure q was based on the  m a x i m  burner  area. - 
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The  pressure  losses  for  configurations A and B were  lower than for 
the  others.  Configuration D, which  gave  uniform  exhaust  temperature pro- 
files,  had a pressure-loss  coefficient  of 9.8. However,  with  the  excep- 
tion  of  configuration E all of  the  cold-flow  coefficients  were  moderate. 
With this  configuration  the  cold-flow  coefficient  increased  from 4.5 to 
7.4 with  the  addition  of a typical  value  of  fuel  rate.  The  volume  of 
fuel-air  mixture  before  combustion  increased  by 14 percent.  It  is 
particularly  interesting  to  note  the  trend in pressure loss with  temper- 
ature  ratio  across  the  combustor  (configuration G, e.g.1.  The  two  limit 
curves  represent  the  lnaximum  and  minimum  losses  possible  assuming a l l  of 
the  heat was released  in  either  the m i n i m u m  or  maximum  dfff’user  area. 
At  low  fuel-air  ratios  the  pressure-drop data follow  the  minimum cwve 
but  shift  towards  the  maximum with richer  operation. This shift  indi- 
cates  that  the  quantity  of  fuel  burned  in  the m i n i m u m  diffuser  area 
increased  with  increased  fuel-air  ratio.  The  effect of fuel-inJection 
method  is  seen  by  comparing  the data of configurations G and H. Normal 
fuel  injection  gave  higher  losses  than  downstream  injection. 

Combustion  Efficiency 
. 

The  burner-inlet  conditions at which  these  tests  were  conducted 
were  quite  favorable  for  combustion.  Pressure was 1 atmosphere  or  great- 

second. It was desired,  however, to operate at lean fuel-air  mixtures, 
which  according to reference 4 have essentially zero  flame speed. Ob- 
viously,  if high combustion  efficiencies  are  to be obtained  at  over-all 
lean  fuel-air  ratios,  burning must proceed  rapidly  enough eo that  the 
local ly  rich  mixture at the  injector  is  burned  before  it  is  diluted. 
Iche  combustion  efficiencfes shown in  figure 6 can be  considered in this 
light.  Fuel  injected n o m 1  to the  airstream  (configuration G) mixed 
more  rapidly  than that fnjected  downstream  (configuration H). Conse- 
quently,  combustion  efficiencies  dropped  off  more  rapidly as the f’uel- 
air  mixture  became  leaner with normal than with downstream  injection. 

- er,  temperature was LOOo to 40O0 F, and  velocity was 240 to 300 feet  per 

An even  more  rapid loss in efficiency was observed with configura- 
tion A, which also had  normal fuel injection. A possible  explanation 
for  this was that  the  fuel  injectors  were  located  in a region  where  the 
air flow was nonuniform  and local ly  aggravated  the mixture dilution. 

At  equivalence  ratios greater than 0.25 combustion  efficiencies of 
90 t o  100 percent  were  obtained with all the  configurations  tested. 

- DISCUSSION 

Ebaluation of a combustor  configuration  must  consider  the cmbined 
effects of combustion  efficiency,  pressure loss, temperature  stratifi- 
cation,  and  engine  length an over-alJ.engine  performance.  Since a 
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ram-jet  engine  burning  hydrogen would probably  find  application  in a 
long-range  missile,  the  influence of some  of  these  parameters  is  con- 
sidered  in  reference 5. The  conclusions  of  that  study  are  the basis for 
analysis  of  the  experimental  results.  Moreover  the  authors of reference 
5 supplied  same  unpublished  relations  that  made  possible an estimate of 
the  effect of temperature  stratification on range. 

c 

Very  briefly,  the  various  factors  influencing  range  were  estimated 
in  the  following  manner.  Range  is  directly  proportional  to  combustion 
efficiency. An isothermal pressure-loss  coefficient  of 1 is  equivalent 
to a 1-point loss in  combustion  efficiency.  For  the  case of burning in 
the  diffuser,  the  pressure drop above  the mum was considered an in- 
crease  in  the isotherm1 pressure-loss  coefficient.  The  exhaust-gas 
temperature-stratification  effect was estimated  as a 2-percent loss for 
a parabolic  profile  where  the  ratio  of  maximum  to minlmum temperature 
was about 2, and  there was no loss for  the  flat-profile  case.  The 
engine-weight  parameter was calculated  as  follows. An increase in en- 
gine  weight  from 0 to 150 pounds per square  foot  reduced  range 9 percent. 
However,  since  the  supersonic  diffuser and the  exhaust  nozzle  were  esti- 
mted to  represent  one-half  of the engine  weight,  eliminating  the  sub- 
sonic  dlffuser and the  combustor  would  increase  range  less  than 5 per- 
cent.  For a constant-angle  subsonic  diffuser,  the  length  required  to I 

diffuse  from  sonic  velocity  to a Mach  number of 0.2  is % times  the 
length  required  for  diffusion  from.son1c  to 0.5 soliic  speed.  Therefore, 
the  simplification was made  that  the  fir8t.par-t of the  subsonic  diffuser 
WRS weightless.  It  should  be  noted  that  the  range  comparison is spe- 
cifically  for  the  conditions coveredin reference 5. The  rating of the 
various  combustors  varies  with  assigned  operating  conditions.  However, 
the  comparison  presented,  in  addition to being  illustrative,  provides 
a comparison at fairly  typical  ram-jet  conditions. 

1 

The  net  effect on range  is  the  product of the  cambustion  efficiency 
q, pressure-loss  factor 9, engine-weight-factor "ru', and  tempemture- 
stratification  factor 3. For  example, with configuration A at an 
equivalence  ratio  of 0.15, combustion  efficiency was 82  percent;  the 
cold-flow  pressure-loss  coefficient, Al?/q was 0.5 and  theref  ore was 
0.995; the  temperature-stratification loss was 2 percent,  which  gave a 
y of 0.98; and  the  engine-weight  parameter W m s  0.91. The  range 
parameter was the  product of these  values  and  equalled 0.74 f o r  this 
case  and 0.86 for  configuration E. Similar  estimates  for  other  con- 
figurations  and  equivalence  ratios  were  made,  and the range  parameters 
are plotted  in  figure 7. For  lean  operation,  configuration H was best 
minly because  combustion  efficiency was the  highest (97 percent at an 
equivalence  ratio of 0.15). At an equivalence  ratio of 0.3, the  range 
of all. three  configurations was the  same,  but at slightly  leaner  opera- 
tion  configuration G was the  best. 
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I . It  is  important  to  note  that  configuration G is  best  suited  for  op- 
eration  over a limited  range of fuel-air  ratio,  but  within  these l i m i t s  

* its  range  potential  is  the  greatest.  The  reduction in over-all  engine 
length  with  this  configuration was estimated  as 50 percent of the  con- 
ventional  engine design. Since a long-range  ram-jet enghe cruises at 
a fixed  temperature  ratio  across  the  combustor, a Method  for  designing 
a configuration  such  as G for  operation at a given  fuel-air  ratio  is 
discussed in the following sections. 

ANALYSIS AND DESIGN  APPLICATION 

Anslysi s 

It has been shown from a range  standpoint  that  merging of the  sub- 
sonic  diffuser  and  combustor  is  desirable,  partfcularly  for  engines  de- 
signed  to  operate  over a narrow range of flight  Mach  number  and  fuel-air 
ratio.  Since  decelerating  flow is conducive  to  flow  separatton, this 
design  problem m y  be eolved by maintaining a constant gas velocity  in 
the  diffuser by the  addition  of  the  right  amount of heat. To achieve 
this  flow  condition  the  relation  between  temperature  rise  and  area 
change must be  determined. Also, experbental data. for  heat-release 
rate as s function of inlet  conditions,  fuel-air  ratio, and Are1 in- 

ratio for< constant gas velocity and the  methods  used to arrive at total 
temperature  from  static-pressure  measurements are discussed in appendixes 
A and B, respectively. 

- jector  geometry  are  required.  The  relation  between  temperature  and  area 

A typical  plot of t o t a l  temperature along the  axis  of  the  combustor 
as  calculated  from  static-pressure  measurements  is shown in  figure 8. 
With  fuel  inJection normal to  the  airstream,  the  temperature  rose  rapidly 
in the  first half o f  the  burner,  and Uttle rise was noted  in  the down- 
stream half. The average  temperature m e a s u r e d  st the cmbustor exit is 
1720' R compared  with a calculated  temperature  of 2070° R. In  tempera- 
ture  surveys  made with configuration G and shown Fn figure 4 (h) , no 
measurable  rise in temperature was noted  between  stations 7 and 9. A 
comparison  of  measured taperature at the  canbustor  exit with calculated 
temperature  at  station 7 shows good agreement,  and  it  appears  that  the 
further  calculated  temperature  rise  is  due  to  friction  pressure  drop 
past  station 7. 

The  temperature  rise  between  stations 1 and 6 as calculated  from 
wall static-pressure  measurements  is shown in figure 9. The variables 
investigated  were  fuel-air  ratio,  inlet-afr  temperature,  and fuel- 
injection  method. At this  test  condition  inlet-air tempemture did not 
influence  the rate of  heat  release. 

I 
I 

! 

I 
I 

! 



14 w NaCA RM E56G27 

Temperature  rise  increased  with  increasing fuel-atr ratio f o r  both 
normal and  downatream  injection,  but  the  rate of increase was much great- 
er  with normal than  with  downstream  injection. From these  results  it 
was concluded  that  at  these  operating  conditions  mixing of the fuel and 
air  rather  than  chemical-reaction  rate  controls  the  rate of heat  release. 

Design  Application . .. 

The  design  application  is  baseatupon a method of keeping  the  veloc- 
ity  constant  in  the  terminal-part of- the  subsonic  d&ffuser  where  the 
Mach number  is 0.6 or  less.  As  discussed in the  previous  section,  the 
criterion of constant  velocity  in  the  diffuser  gives a reasonable  com- 
promise  between  pressure loss and  temperature  profile. 

Constant velocity  in  the  diffuser  is  achieved  by  letting 

This  can  be  seen in the  continuity  expression  if 
assumed or in  the  numerical  examples  in  appendix 
flow relations are used. 

incrrmpressible flow is 
A in w h i c h  compressible 

In order  to  select a rate earea change  with  length,  it is neces- 
sary to know  the  rate  of  change  of  temperature  with  length.  The  average 
rate of change of temperature  ratio can be found from  the  experimental 
data. The  average  rate Or change of temperature  ratio  is  approximately - - 

T6 vm equal  to - 
T2 " where V, is the arithmetic 

tion 2 is the  point  of  fuel  injection,  and  station 6 
measurement of outlet  temperature. 

For constant  velocity  to  exist in the  diffuser, 
proximately equal to T6/T2, or T, and so it may be 

mean  velocity, sta- 

is  the  point of 

%/A2 must  be  ap- 
written  that 

A plot of t h i s  parameter  is shown in  figure 10 for two methods of fuel 
Injection.  The  effects on rate of heat  release  discussed In connection 
with figure 9 are apparent in figure 10 also.  

The  parameter V , A g / L A ~  can  then  be  used  in  designing a constant- 
velocity flow region.  For  operation  at a fixed  fuel-air  ratio,  a0  is 

a 
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P usually assumed fo r  a long-range ram- j e  t cruise, the normal fuel-  injection 
design has a greater range  advantage than downstream injection. Ran 

1 considerations such as these, a value of V m A & A 2  i s  determined. The 
gas velocity Vm and diffuser  area r a t i o  Ag/A2 are  calculated a t  the 
fuel-injection  station, and the diffuser  length L required can then be 
obtained. If  increased thrust i s  required, additional fue l  can be added 
downstream of t h e   d i f l s e r .  It may be possible t o  apply  the  design 
parameter v&6/LA2 t o  lower and higher  values of velocity Vm than 
those (540 t o  820 ft /sec) covered i n  this investigation. 

3 
dt 

CONCLUSIONS 

Shortening  ram-jet  engines by merging of the  subsonic diffuser and 
the combustor appears  feasible  with a high-energy fue l  such as hydrogen. 
When t h i s  technique was used, the ;teikperature profile  varied 7 percent 
a t  an  average combustion temperature of 2100° R. This profile was ob- 
tained with  a total-pressure-loss  coefficient of 9.8. 

r- 

Heat-release  rate, which determines the total-pressure loss, is in- 
fluenced by the method of fuel  injection.  Injection normal t o  the air- 
stream  gives a higher  heat-release rate, more uniform temperature  pro- 

systems gave efficiencies of 95 t o  100 percent a t  equivalence ratios 
above  0.25;  however, at  an equivalence r a t io  of 0.1 downstream injection 
gave combustion efficiencies 20 percent  higher  than normal injection. 
Reasonable total-pressure loss and  temperature profiles may be obtained 
by keeping velocity  constant  in  the  diffuser. 

- file, and higher  tqtal-pressure loss than downstream injection. Both 

It was estimated that engine length could be reduced by 50 percent 
by  merging the subsonic diffuser and combustor, which would r e s u l t   i n  a 
3-percent gain in   t he  range of a ram-jet missile. Further gains  with 
the system are  due t o  improved temperature profile and higher  canbustion 
efficiency. However, increased  presske drop reduced  range sllghtly,  
and the  net  gain fn range was estimated as 16 percent. 

Lewis Flight Propulsion  Labaratory 
National Advisory Cannnittee f o r  Aeronautics 

Cleveland, Ohio, July 30, 1956 
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APPENDIX A 

FLOW AMALYBIS WITH SIMULTANEOUS HEAT ADDITION AWD DIFFWSION 

A calculation  of  the  required  temperature  rise  to  maintain  constant L 

velocity  throughout-a  diverging  combustor f o r  varFous  inlet  Mach numbers 
can be made once  the flow area is known as a function  of  length. 

The following flow assumptions  are made: 

(1) AU flow is  one-dimensional. 

(2) No viscous  losses  or  frictional  effects  exist. 

(3) The gas constant,  specific-heat  ratio, and mass flow are  constant. 

(4) No momentum  effects of fuel  addition  exist. 

The  diffuser-flow  process  is assumed to occur  in a series  of steps, each 
involving a a  isentropic  expansion  and a constant-area  temperature  rise. 
Swficient heat  addition  &t  constant area is used to regain  the  velocity I 

lost in the  expansion.  The  following  is a sketch  of  the assumed step 
diffuser,  with  various  etations  noted: 

I 

A I 

"l-y F p . I  

I 
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The  isentropic  relations  applied  to  the  expassion  step  are: 

I 

I 

I 

The  relations  applied  for  heat  addition  in  the  constant-area  step 
(following table) are: 

I 

I 
I 

The ratio of Mach  numbers  at  points A and C becomes 
! 

These  calculations of the  total-temperature rZse and expected total- 
pressure loss were  =de  for a range of combustor-inlet to exit-area  ratios 
and are  presented in the following table  for a burner-inlet Mach number 
of 0.4 and  equal  velocities  at stations A, C, E, G, I, K, My and P. It 
may be  noted  that  configuration D had a subsonic diffuser  area  ratio of 
1.37 and  from  the  table it may be  seen  that a temperature  ratio of 1.32 
is necessary to mintah constant  velocity in the  diffuser. 

I 
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Sta- 
tion 

A 
B 
C 
D 
E 

F 
G 
H 
I 
J 

K 
L 
M 
M 
P 

Tx/T* 

1.0 
1.0 
1.2 
1.2 
1.37 

1.37 
1.60 
1.60 
1.80 
1.80 

2 .oo 
2 .oo 
3.00 
3.00 
4 .OO 

- NACA RM E56G27 

1 Mx I p ~ / p A l  

~~ ~ ~~ ~~ ~ 

Process  used to get 
from previous  station 

1.0 

Constanb-area  heat adution .975 .34 1.37 
Isentropic  area  change  .984  .32 1.37 
Constant-area  heat  addition  .984  .36 1.2 
Isentropic  area  change 1.0 .32 1.2 

1.0 0.40 

1.61 .29  .975  Isentropic  area  change 
1.61 .31 .972 

.972  .28 1.83 
Constant-area  heat  addition 

Isentropic  area  change  .965  .27 2.01 
Constant-area  heat  addition .965 .30 1.83 
Isentropic  area  change 

2.01 .28 .960  Constant-area  heat  addttion 
3.00 .19 .960  Isentropic  area  change 
3.00 .23 .945 Constant-area  heat  addition 
4.05  .17 

Constant-area  heat adation .932 .20  4.05 
Isentropic  area  change .945 

I 

.. . 
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APPENDIX B 

CALCUUTION OF TOTAL TEMpERATuRe F'ROM STATIC PWSURE 

19 

The  total  tempemtures  at  stations 3, 4, 5, 6, 7, and 9 were  calcu- 
lated  from  static  pressures  at  each  of  these  stations.  These  pressures 
were  measured under burning  conditions and calculated  for  isothermal 
flow at  the  same  inlet  Mach nmber. A prticular station  calculation of 
temperature  consisted of two steps: 

(1) Calculation of a fictitious  static  presaure and &ch  number 
based on isothermal  flow:  Configurations G and H were ruzl using  typical 
values  of  fuel  and  air flow, but  with no burning.  Isothermal  losses 
&re  determined  across  the  fuel  injectors  and  Over  the  abrupt area change 
at  the  downstream  end of the  centerbody.  These  losses,  expressed  as 
AI?/q, were  applied  to  combustor-inlet  conditions  that  existed  during 
normal  burning  operation.  Static  pressures and Wch numbers  were  cslcu- 
lated  at  various axial stations. 

7. 
6 

(2)  Calculation of total  tempemture  under burning conditions: 
During  the  burning runs with  configurations G and H, static-pressure 
measurements were.mde at  stations I, 3, 4, 5, 6, 7, and 9. The relation 

actual  flow  conditions  at any axial  station  is  given  by  the  constant- 
area  heat-addition f low relation.  Therefore,  the  total  temgerature at 
each  axial  station may be  determined. 

* of the hypothetical f low conditions, as calculated  in  step (1) , to the 

. 
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Figure 1. - Instsllation of ram- jet engine in free-jet tes t  facil ity.  
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Figure 4.  - Temperature and veloc i ty   p rof i les  i n  
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(b) Configuration B. 

Figure 4. - Continued. Temperature and velocity profiles i n  
combust ion zone. 
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Fuel i n j e c t o r 3   S t a t i o n  7 8 9 
U 

. 

Distance a c r o ~ s  combustor diameter, in.  

( c) Configuration C. 

. 

Figure 4 .  - Continued. Temperame and veloci ty   prof i les   in  
combustion  zone. 
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Figure 4 .  - Continued.  Temperature and velocity profiles in 
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Fuel injector  I Station 7 8 9 

I 

(e) Conf-iguration D with free-jet operation. 

Figure 4. - Continued. Temperature and velocity  profiles in 
combust ion zone. 
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Figure 4. - Continued. Temperature and velocity  profiles i n  
combustion zone. 
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(g) Configuration F. 

Figure 4 .  - Continued. Temperature and velocity proftleles in 
combuetion  zone. 
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(h) Configuration G. 

Figure 4. - Continued. Temperature and velocity prof i les   in  
combustion zone. 
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Configuration 
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Figure 6. - Combustion eff ic iency of three  configurat ions f o r  
varying  equivalence  ratio.  
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Figure 7.  - Relative range of three engine  configurations 
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Inlet-air configu- 
temperature, ration 
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Figure 9.  - Calculated tennperature rise a c m ~ s  diffuser for  two 
configurations and three inlet-sir temperatures. 
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Figure 10. - Design parameter for determining dif- 
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rl Cervenka, A. J., and Sheldon, 

METHOD FOR SHORTENING FtA"JET 
HYDROGEN FUEL IN THE suBsoNIc 

J. W. 

ENGINES BY BURNING 
DLFFUSER 

Abstract 

Merging  of the  subsonic  diff'user  and  the combustor appears feasible 
w i t h  a highly  reactive  fuel such as hydrogen. A t  typical  ram-jet op- 
erating  conditions  the flame speed of th i s   fue l  i s  high enough f o r  burn- 

fuel  injector  alone. Thus it was possible t o  seat the flame a t  a sta- 
t ion where the Mach  number was 0.4 to 0.5 rather than 0.2 as is done con- 
ventionally. With this  configuration  engine  length was reduced, exhaust 
temperature profiles were more uniform, and combustion efficiency was 
improved a t  lean fuel-air   ra t ios  over the conventional  design. Eowever, 
conibustion pressure loss increased, and the net  effect  of these factors 
on range was estimated. 

* ing t o  be stabil ized a t  velocities of 600 feet per second by means of a 
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